Anomalous sound absorption in lattices of cylindrical perforated shells This work reports the enhancement of sound absorption by sonic crystals slabs made of cylindrical perforated shells. These building units, with perforations of millimeter size, show small losses and cannot explain the strong absorption observed at some specific frequencies when the slabs consist of just a few number of rows. It is found that this phenomenon is due to a resonant Wood anomaly which occurs when the incident wave couples with a leaky guided mode supported by the slab. This effect results in an enhancement of the absorption, since the energy transferred to the guided mode travels within the slab, along a direction perpendicular to the incident one. Multiple scattering and finite element simulations give support to the proposed behavior, the transmittance results being in good agreement with experimental data previously reported. A lattice of solid rods in air is an example of a two-dimensional (2D) sonic crystal (SC) that has been extensively studied since the nineties. [1] [2] [3] [4] Most of the reported SCs were made of building units with negligible dissipation losses. However, in the last years, 2D SCs consisting of cylinders fabricated with lossy materials are deserving attention due to their potential application as acoustic barrier for broadband noise.
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The attention is paid here to 2D lattices of cylindrical perforated shells at normal incidence. These scattering units are obtained by rolling up perforated plates whose parameters (thickness, radius of the perforations, and perforation ratio) will determine the absorptive properties of the SC structure based on them. Thus, when the radius of the perforations is extremely small, viscosity effects inside the micro-pores lead to broadband attenuation spectra 6 as occurs for the case of flat panels. 11 However, if the perforation radius is of the order of hundreds of microns or more, the flat panels become acoustically transparent even for relatively low perforation ratios. The last effect was applied to obtain acoustically transparent cylindrical shells which were used as containers of granular absorbers. 5 Though lattices of microperforated cylindrical shells have been comprehensively studied due to their application as broadband noise absorbers, 6 no attention has been paid for the case of cylindrical shells whose perforation radii are too high to produce significant losses.
This letter studies the sound propagation properties through SC slabs made of square arrangements of perforated shells with small but non-negligible losses. These structures are characterized by a high transmission coefficient, while reflectance and absorption remain much smaller. However, at wavelengths approaching the lattice constant, a high reduction in the transmittance accompanied with an anomalous increase of the absorption is observed. It is shown here that the excitation of guided modes along the slab due to a Wood anomaly is the physical phenomenon behind the observed behavior. Such a phenomenon was first observed by Wood in optical gratings 12 and was subsequently explained by Rayleigh 13 and Fano. 14 Particularly, Fano identified two kinds of anomalies: (i) sharp or Rayleigh anomalies which occur when a new order of diffraction becomes propagative and (ii) resonant anomalies resulting from the interaction between the incident waves and leaky guided modes along the periodic surface. Wood's anomalies have been widely investigated for many years, a recent study of arrays of dielectric scatterers being an example closely related to the work here presented. 15 The phenomenon here described is analyzed in two steps. First, the transmission properties of SC slabs are calculated by neglecting dissipation. Afterwards, the viscous losses of air are included, thus showing how dissipation plays a paramount role in order to explain the observed absorption enhancement, which is a direct consequence of the guided modes excited in the slabs.
The multiple scattering (MS) formalism is employed to calculate the transmission properties of lattices of perforated shells. In this framework, the scattering units are characterized by their T-matrix. The matrix elements T q are derived by applying the appropriate boundary conditions between the shells and the surrounding fluid, air in this case. Considering a perforated shell with external and internal radii R þ and R À , respectively, the expression of its T-matrix is
where k 0 is the wavenumber in air andis
x being the angular frequency and q 0 being the mass density of air. In these expressions, J q (H q ) and J 
where s ¼ r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi xq 0 =g 0 Þ p is the perforate constant, g 0 is the dynamic viscosity of air, t is the thickness of the plate, r is the radius of the perforations, and r is the perforation ratio. The accuracy of this expression is supported by the experimental characterization of the perforated flat panels employed in the construction of the cylindrical shells. 18 Let us consider a SC slab made of perforated shells with
5% arranged in a square distribution with lattice constant a ¼ 11 cm. These parameters correspond to those employed in Ref. 5 and will be used from now on. For an impinging plane wave with wavevector k 0 and a given angle of incidence, the reflectance R and transmittance T of a SC slab can be easily obtained using the formulas described elsewhere. 3, 6 The resulting total absorption A is then obtained by assuming energy conservation, i.e., A ¼ 1 À R À T .
Figure 1(a) shows the transmittance of SC slabs with 1, 3, and 5 rows, respectively, calculated for a normal-incident plane wave and taking the limit of vanishing viscosity (g 0 ¼ 0). It is observed that the transmittance is unity practically in the whole spectrum except around 3 kHz, where a minimum with zero-transmission appears. A zoomed view around this frequency is depicted in Fig. 1(b) , which shows that total reflection is obtained even for the slab made of just one row of perforated shells. This behavior occurs at frequencies close to the diffraction limit (k ¼ a), which is 3118:2 Hz. The good agreement between the results from MS simulations (continuous lines) and those obtained using a 3D finite-element algorithm 18 (symbols) supports the validity of the analytical model introduced for the T-matrix (see Eq. (1)). Figure 1(b) shows that the three transmittance spectra show a deep with an asymmetric profile typical from a Fano resonance.
14 It evidences an interference phenomenon occurring between the transmitted sound waves and a resonant mode excited in the given slab. This effect points out the presence of a resonant Wood anomaly, the resonance corresponding to a leaky guided mode propagating along the slab, and therefore normally to the impinging direction. The position of this resonance is located at wavelengths slightly higher than the diffraction limit, as predicted for this type of anomalies.
14 In addition, the position of the resonances shifts to lower frequencies for larger number of rows, proving the dependence between the resonant guided modes and the width of the slab. Besides the Fano resonance, additional sharp deeps can be observed for the slabs with 3 and 5 rows and are analyzed below.
The resonant modes of the slabs have been obtained through an eigenfrequency analysis of the 3D structure modelled in COMSOL. 18 The frequency positions where resonances occur are indicated with arrows in the upper part of Fig. 1(b) . The agreement found between the frequencies at which the transmission deeps appear and the calculated eigenfrequencies supports the explanation of the observed phenomenon through resonant Wood anomalies. and 5 rows of scatterers. A guided mode traveling through the interior of the slab is observed. It consists of a stationary wave based on the combination of two identical modes traveling along the y-axis in opposite directions. However, propagating modes that travel in a single direction can be observed in slabs excited with an incident sound whose wavefront has a finite cross-section. 18 The extremely narrow deeps in Fig. 1(b) are associated with the eigenmodes illustrated in Figs. 2(c), 2(e), and 2(f) . These pressure maps indicate that they correspond to resonances of higher-order. While the phase of the modes in Figs. 2(a), 2(b) , and 2(d) keeps almost constant along the x-axis; in this case, two and three lobes appear within the slab. Similar conclusions can be drawn from MS calculations of slabs excited with a plane wave at similar frequencies. 18 Note that the eigenfrequencies values are complex and are given in the caption of Fig. 2 , their imaginary parts being related to the lifetime of the resonant modes. The lifetime of the low-frequency resonances decreases significantly with increasing number of rows. A low lifetime in slabs with many rows involves higher leaks from the guided mode to the free space, leading to wider resonances. The higher-order resonances have long lifetimes, which is consistent with the sharp profiles of the corresponding transmission deeps. Now, let us study the case of SC slabs embedded in air with dynamic viscosity g 0 ¼ 17:8 lPa Á s. Figure 3 shows the reflectance R, transmittance T , and absorption A of slabs with 1, 3, and 5 rows obtained through multiple scattering calculations. Now the transmittance is not unity but its value is still high. The transmittance spectra present a single deep that appears at frequencies close to the diffraction limit and shifts to lower frequencies with increasing number of rows.
Therefore, the Wood anomalies still exists in lattices of perforated shells with viscous losses, although their amplitudes are smaller and their frequency response broadens due to the dissipation. It is also noticeable that the reflectance spectrum takes low values compared to absorption, even in the resonance where full reflection was found in the nonlossy case. In this region, reflectance is enhanced, although the total attenuation of the slabs is mainly due to energy dissipation. As observed in the lossless case, the resonance anomaly involves a guided wave that travels along the axis of the slab. It is worth noting that the energy which is coupled to such guided mode travels perpendicular to the incidence direction along the interior of the slab. Thus, the sound is deviated from the free space to a path with low losses but which is infinitely long, in such a manner that it is slowly dissipated as it propagates. This results in the absorption enhancement observed in Fig. 3 .
It is important to remark that the transmission spectrum shown in Fig. 3 matches with that experimentally observed in Fig. 7(b) from Ref. 5 , which can be considered as an experimental proof of the phenomenon here reported. 18 The coupling between the incident wave and the guided modes can be improved by increasing the filling fraction of the SC, i.e., by reducing the separation between cylinders. A sweep of the lattice parameter has been performed while the radius of the cylinders has been kept constant at 4 cm. Figure 4 shows the corresponding 2D map of absorption calculated for a slab with three rows of scatterers as a function of the frequency and the filling fraction (ff) of the SC. Remember that ff ¼ pðR=aÞ 2 for a square lattice. It is clearly observed the band where the anomaly occurs. It is located at slightly lower frequencies than the diffraction limit, which is indicated with a dash line. In addition to the first anomaly, a second branch can be observed. It corresponds to the frequency where the wavelength approaches one-half lattice parameter. The maximum absorption is found for the maximum filling fraction considered in the calculations (ff ¼ 69:6%), for which the separation between cylinders is a ¼ 8:5 cm. At this point, the absorption is A ¼ 0:77 and the transmittance drops to T ¼ 0:08. A similar behavior is found for the cases of 1 and 5 rows, whose minimum transmittance takes the values T ¼ 0:44 and T ¼ 0:012, respectively.
It is worth noting that an arrangement of two parallel plates has similar levels of absorption when compared to an arrangement of 1 row of perforated cylinders. Thus, the two parallel perforated plates would represent the front and rear surfaces of the row of cylinders. As a 1D slab, it will show attenuation bands (or bandgaps) that depend on the separation between plates. However, the response of such a system is less selective. The implementation with cylinders results in attenuation mechanisms that are focused on a narrow band, allowing a high transmittance of sound at the remaining spectrum. An example is given in Fig. 5 , where the reflectance, transmittance, and absorption of one row of shells are compared with those of two parallel perforated plates with similar type of perforations. It is observed that the overall transmittance of the slab of perforated shells is higher, although it presents a narrow peak where losses are highlighted.
In conclusion, this work has demonstrated that the sound attenuation observed in low lossy media consisting of lattices of perforated cylinders can be enhanced at specific frequencies due to guided modes excited near the diffraction limit. The resulting absorption is due to the strong dissipation experienced by the waves that are redirected along a direction perpendicular to the incident one. This type of Wood anomaly has potential application such as notch filters, where only a sharp specific band is intended to suppress. 
